INTRODUCTION
Perovskite manganites exhibit fascinating transport and magnetic properties, essential for fundamental research and applications. [1] [2] [3] [4] [5] [6] [7] In particular, with the development of thin film nanoscale technologies, more exotic properties have been observed in doped-manganite thin films over a wide range of temperature. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] However, the origin of many fundamental phenomena remains unclear. For instance, it has been recently shown that doped-manganite ultra-thin films have anomalous transport anisotropic properties, and such complex phenomena could not be explained with a strain effect alone. 20 This raises an important, fundamental question of the role of spin, charge and orbital to macroscopic properties in doped-manganite ultra-thin films and strongly correlated electron systems.
Here, we design a new, unique approach to unravel the detailed evolution of electronic and spin structures and their relationship to macroscopic transport and magnetic properties versus temperature. A doped-manganite, La 0.7 Sr 0.3 MnO 3 (LSMO) ultra-thin film on a DyScO 3 (DSO) substrate (LSMO/DSO) is chosen as a model system. Using a combination of temperature-dependent spectroscopic ellipsometry, X-ray absorption spectroscopy (XAS), and X-ray magnetic circular dichroism (XMCD) both at O K-edge and Mn L 3,2 -edges as well as transport measurements, we show for the first time how the interplay of hybridization, orbital occupancy and spin controls the macroscopic properties. Two concomitant electronic and magnetic phases (insulating paramagnetic phase for T4195 K and insulating canted-ferromagnetic for To140 K) with an intermediate metal-like state are observed. Surprisingly, the O2p-Mn3d hybridization strength reduces with decreasing temperature, driving the system to become more insulating-like and ferromagnetic. The Jahn-Teller effect weakens markedly within the intermediate temperature range, turning the system into a metal-like state. From our measurements, the temperature-dependent O2p-Mn3d hybridization strength, the energy splitting of e g by the Jahn-Teller effect and its band width are extracted. From these we propose the temperature-dependent density of states of the system.
To further demonstrate how our comprehensive methodology works, we also present a study on LSMO ultra-thin films on SrTiO 3 substrates (LSMO/STO) for comparison. We observe that LSMO/STO behaves differently from that on LSMO/DSO, despite both being under tensile strain, of similar thickness and the same chemical doping/stoichiometry. Here, although the O2p-Mn3d hybridization strength increases with decreasing temperature, our similar scenario explains well the observed macroscopic properties.
MATERIALS AND METHODS

Samples growth
High-quality epitaxial LSMO thin films are grown by pulsed laser deposition on atomically smooth [110]-orthorhombic oriented DSO and [001]-cubic oriented STO single-crystal substrate. 20 The laser pulse (248 nm) energy density was 2 J cm -1 and the repetition rate was 3 Hz. The growth was carried out under 200 mTorr oxygen partial pressure at 800°C and the growth rate was 0.8 nm min -1 .
High-resolution X-ray diffractometry and structure characterization
The crystallographic structure of LSMO films on DSO and STO substrates is characterized by high-resolution X-ray diffractometry in the X-ray Demonstration and Development beamline at the Singapore Synchrotron Light Source. High-resolution X-ray diffractometry studies reveal a perfectly coherent interface between the film and substrate (see Supplementary Figures 1, 2 and 3 ).
The measured lattice constants of LSMO film (on DSO) are monoclinic a = 0.3938(3) nm, b = 0.3955(3) nm, c = 0.3831(1) nm, β = 92.79(8)°. The thickness is estimated to be 12.6 nm. The larger lattice constant of the DSO substrate leads to tensile strain in the film, reducing the c/a ratio of LSMO to 0.968. Meanwhile, for the LSMO/STO sample, we obtained a value of c/a of 0.995 (o1). This system is also under tensile strain (see Supplementary information for details).
Electrical measurements
In-plane transport properties of the films are investigated using a lowtemperature probe station system at temperatures ranging from 80 to 300 K. Pt electrodes with dimensions of 0.4 mm × 0.8 mm are deposited on the film (see Supplementary Figure 4a ) through a shadow mask.
Spectroscopic ellipsometry measurements and optical conductivity
We use a spectroscopic ellipsometer with a photon energy of 0.55-6 eV to measure the ellipsometry parameters Ψ (the ratio between the amplitude of p-and s-polarized reflected light) and Δ (the phase difference between of p-and s-polarized reflected light) with a 70°incident angle and a 45°polarizer angle (see Supplementary Figure 4b ). The dielectric function and optical conductivity (σ 1 ) have been extracted from the parameters Ψ and Δ by utilizing an air/LSMO/DSO multilayer model (see supplementary information for details) 22 . The σ 1 at 0 eV can be estimated from dc conductivity in Figure 1a .
The σ 1 at between 0 and 0.55 eV are estimated using linear interpolation. 23 
X-ray absorption spectroscopy
The O K-edge absorption spectra in the energy range 520-580 eV and Mn L-edge absorption spectra in the energy range 630-680 eV were obtained using linearly polarized XAS from the Surface, Interface and Nanostructure Science beamline at Singapore Synchrotron Light Source, using a total electron yield detection method. The incidence angle (θ) of X-rays refers to the normal of the sample surface, which was varied by rotating the polar angle of the sample. The E||[001]-orthorhombic direction spectra were measured in a normal-incident alignment (θ = 0°) (see Supplementary Figure 4a ). The temperature was varied between 80 and 300 K. The spectra were normalized to the integrated intensity 
in different spectral regions: SW 1 (0-1.8 eV), SW 2 (1.8-6 eV), and total energy range SW total (0-6 eV). T is temperature (Kelvin).
Electronic and spin structures control macroscopic properties of manganite ultra-thin films X Yin et al between 565and 580 eV for O1s spectra and between 670 and 680 eV for Mn2p spectra after subtracting an energy-independent background.
X-ray linear dichroism measurements
For Mn, the3d x 2 Ày 2 and 3d 3z 2 Àr 2 orbitals have lobes pointing parallel and perpendicular to the ab plane, respectively. X-ray linear dichroism measurements can probe the occupancy of the3d x 2 Ày 2 and 3d 3z 2 Àr 2 orbitals using linearly polarized light aligned to the out-of-plane (grazing incidence, E~||c) and in-plane (normal incidence, E||a) directions (Supplementary Figure 4a) . The X-ray linear dichroism measurements result shows a near temperature independence at 80 and 300 K (Supplementary Figure 8) . Smaller absorption for in-plane polarization spectra suggests more out-of-plane empty states in the 3d e g band (a higher occupancy of in-plane orbitals). The spectral difference (I(E||a)-I(E||c), linear dichroism) implies a preferential occupancy of the 3d x 2 Ày 2 orbital at both 80 and 300 K. The result is in good agreement with the theoretically calculated result for LSMO film under tensile strain. 18, 24 X-ray magnetic circular dichroism measurements
The XMCD signal is the difference between absorption spectra obtained with a +1T and a -1T magnetic field, which was set parallel to the X-ray beam direction using plus helicities of circular polarized light. The grazing-incident spectra were measured at θ = 60°(see Supplementary Figure 4a ), which is estimated as the magic angle. 25, 26 The degree of circular polarization (P c ) was calculated to be 88%.
RESULTS
Transport properties
The temperature-dependent resistivity of the LSMO film along the in-plane [001]-orthorhombic direction (for the DSO substrate) reveals unusual behavior with two transition-temperatures, T min (~140 K) and T max (~195 K) ( Figure 1a ). Insulating behavior is observed both above T max and below T min , whereas a metal-like state appears in between (at the intermediate temperature region). To reveal the microscopic mechanism behind these transitions, we use a combination of techniques including temperature-dependent spectroscopic ellipsometry, XAS and XMCD to probe the detailed electronic and spin structures directly.
Electronic properties
Let us first discuss results from spectroscopic ellipsometry measurements (see Figures 1b-f) . The spectroscopic ellipsometer reveals optical conductivity (σ 1 (ω)) (see Methods), which directly connects to the electronic density of states (as discussed later). As shown in previous studies, by measuring σ 1 (ω) in a broad energy range, one can find the origin of charges that contribute to transport measurements. 22, 23 Figure 1b displays a combination of σ 1 (ω) spectra (from 0.55 to 6 eV) and transport measurements (0 eV), showing strong temperature dependence of σ 1 (ω) in a broad energy range. An enhancement of spectral weight of σ 1 (ω) below 1.8 eV on cooling is coming from spectral weight above 1.8 eV. This implies the importance of electronic structure of higher energy bands determining low-energy transport properties. This will be clear in the following detailed analysis. For simplicity, σ 1 (ω) is divided into two regions: below 1.8 eV (low-energy region, SW 1 for spectral weight) and above 1.8 eV (high-energy region, SW 2 for spectral weight). The number of effective charges (N eff ) can be quantified as follows:
In our measured spectral energy range, we find that the total number of charges is nearly constant (within~1.2%) as a function of temperature ( Figure 1c) . As charge conservation has to be fulfilled, this is important to validate our next analysis. 22, 23 As shown in Figure 1c , the enhancement of N eff (T) in SW 1 as temperature decreases is closely accompanied by the reduction of N eff (T) in SW 2 . This directly tells us that the low-energy transport property is determined by electronic bands at higher energy bands. We inspect now in more detail the low-energy region. Two peaks are observed at~1.4 and~1 eV, with different temperaturedependent behavior (see also inset of Figure 1b ). The~1.4 eV peak is almost temperature-independent. This peak has been ascribed to the O2p → Mn-e g excitations. 27, 28 The~1 eV peak, on the other hand, increases its intensity markedly as the temperature decreases. Interestingly, the position of this peak shows a red-shift between T max and T min , and remains almost unchanged outside this region (Figures 1b and e) . According to the above observations and comparing with previous studies, this~1 eV peak is assigned to the Mn-e g → Mn-e g (or e g -e g ) transitions with a parallel spin, which is directly related to the Jahn-Teller effect of the Mn3d states. [28] [29] [30] [31] The red-shift of the~1 eV peak shows that the dynamic Jahn-Teller splitting energy is significantly reduced as the temperature decreases and this happens in the intermediate temperature region (see Figure 1d ). Although the origin of the sudden decrease in the Jahn-Teller splitting energy is not clear at the moment, as discussed later, we show that the interplay between the dynamic Jahn-Teller splitting and hybridizations is responsible for the macroscopic property in the intermediate state. Together with the transport data, it is clear that the increase of SW 1 does not develop into a Drude response, instead it reveals the dynamics of the e g -e g transitions, yielding to insulating behavior at lower temperature. The features in the high-energy region (above 1.8 eV) in Figure 1b arise from transitions between O2p and Mn 3d as well as between lower and upper Hund's rule split bands. 29, 32 Owing to the Kramers-Kronig transformation, the pre-eminence of the spectroscopic ellipsometry approach allows one to measure the charge transfer accurately using the optical f-sum rule. 22, 23 As the temperature decreases, an increase of SW 1 by as much as~33% below T max is accompanied by a decrease of SW 2 spanning an energy range up to 6 eV ( Figure 1f ). It is found that the total spectral weight (or N eff ) is nearly conserved throughout the whole-temperature range (Figure 1f (or Figure 1c) ). The occurrence of spectral-weight transfer in such a broad energy range as a function of temperature is an important signature of strong electronic correlations and hybridization strength that drives the system from one phase to another. 23, 33, 34 Later, it is shown that the spectral weight transfer is due to marked changes of hybridization strength measured using temperaturedependent XAS.
Hybridizations and orbital occupancy
We next identify details of the hybridization strength, in particular O2p-Mn3d hybridization, and orbital occupancies as functions of temperature and later explain their intimate connection with macroscopic properties. These can be probed directly using element-specific XAS as a function of temperature. 33 Our main observation is the strong temperature-dependent XAS at O K-edge for E||[001]-orthorhombic direction (Figure 2a) . The change of XAS, Δμ(T), is defined as μ(T)-μ(300 K), where μ(T) is the XAS at temperature T. Because the O K-edge XAS reveals transitions from O1s to unoccupied states related to O2p states hybridized with metal states, it is directly related to the corresponding hybridization strengths. In Figure 2a , the O K-edge spectra is divided into three regions: (1) a pre-edge region attributed to O2p-Mn3d hybridization (527-533.5 eV); (2) a broad structure associated with the hybridization of O2p-La5d and O2p-Sr4d states (533.5-538.5 eV); and (3) a broad feature due to O2p hybridized with higher energy metal states, for example, O2p-Mn4s,p and O2p-La6s,p (538.5-548.5 eV). The observed strong reduction of spectral weight in the pre-edge region as temperature decreases corresponds to a decrease of O2p-Mn3d hybridization strength. 35 In contrast, the XAS at Mn-L3,2 edges (Figure 2b ) are nearly temperature-independent. At the edges, they reflect Mn2p j → Mn3d transitions, thus they are directly related to the occupancy of Mn3d orbitals. 35 The spectra show two broad separated features at~642 and 653 eV owing to strong spin-orbit coupling that splits the Mn2p j core level with j = 3/2 and 1/2. 35 This implies that the change of Mn3d occupancy Δμ(T) is negligible as a function of temperature. This is further supported with temperature-dependent X-ray linear dichroism measurements (Supplementary Figure 9) . The relative strength of O2p-Mn3d hybridization (from the pre-edge region in the O K-edge XAS in Figure 2a ) and the occupancy of Mn3d (from the Mn L 3,2 -edge XAS in Figure 2b ) as functions of temperature are summarized in Figure 2c . We argue that the spectral weight transfer observed in spectroscopic ellipsometry is due to the change of O2p-Mn3d hybridization strength, in which hybridization together with dynamic Jahn-teller effects control anomalous transport and magnetic properties as discussed later.
Magnetic properties
The magnetic behavior of LSMO/DSO is probed by element-specific temperature-dependent XMCD at the Mn L 3,2 -edges and O K-edge (see Methods). Figure 3 shows XMCD at Mn L 3,2 -edges and O K-edge at selected temperatures and calculated magnetic moments (spin, orbital and total) (see also supplementary Figure 11 and Supplementary Table 1) . At 300 K, there is no observable XMCD signal. The system can be considered to be in a paramagnetic phase. On cooling down to 160 K, where the system behaves as metal-like, the XMCD signal appears. This suggests the appearance of a net magnetic moment. At 80 K, the film displays a further enhanced XMCD signal, only at Mn L 3,2 -edges. As XMCD contains both net spin (m spin ) and orbital (m orb ) magnetic moments, one can estimate the total magnetic moment, m total = m spin +m orb as shown in Figure 3d . 36, 37 Using the angle-dependent XMCD sum rule, 25, 36, 37 m total is found to be 0.202 μ B at 160 K and 1.201 μ B at 80 K (see supplementary information for details). We find that the total magnetic moment of LSMO/DSO at 80 K is less than half of that of ferromagnetic bulk LMSO or other LSMO films. [38] [39] [40] Note that such transport and magnetic properties cannot be explained by the strain effect.
DISCUSSION
By combining spectroscopic ellipsometry and XAS, we uncover the following facts. As the temperature decreases, the O2p-Mn3d hybridization strength (t pd ) decreases monotonically (as shown by the O K-edge XAS), whereas the occupancy of Mn3d remains almost unchanged (as shown by the Mn L 3,2 -edges XAS). The Jahn-Teller splitting energy of the e g bands remains relatively unchanged at high and low temperatures, but drops markedly between T min and T max (as shown by spectroscopic ellipsometry in Figures 1b and d) .
The anomalous transport behavior (Figure 1a ) can now be explained (Figure 4) . The p-d hybridization strength (t pd ) determines Electronic and spin structures control macroscopic properties of manganite ultra-thin films X Yin et al Figure 1a . The e g states near Fermi level (E F ) are split by the Jahn-Teller effect (E JT ). The band width (Γ) of the e g states is related to the O2p-Mn3d hybridization t pd . The resistivity (ρ) is roughly inversely proportional to the density of states at the Fermi level (DOS(E F )).
Electronic and spin structures control macroscopic properties of manganite ultra-thin films X Yin et al the bandwidths (Γ) of the two Jahn-Teller-split e g bands, between which the Fermi level is located. For T4T max (see Figure 4a ), as T decreases t pd decreases causing Γ to decrease, which in turn decreases the density of states at the Fermi level (DOS(E F )). As resistivity (ρ) is inversely proportional to this quantity, thus ρ increases. For T min oToT max (see Figure 4b ), while t pd keeps decreasing, the Jahn-Teller effect weakens more rapidly (as indicated by the abrupt decrease in the Jahn-Teller splitting energy (E JT )), causing the DOS(E F ) to increase, thus ρ decreases, transforming the system to metal-like. For ToT min (see Figure 4c) , t pd continues to decrease, whereas E JT is almost unchanged, causing the DOS(E F ) to decrease, thus ρ increases, turning the system back to insulating. Clearly that it is the competition between O2p-Mn3d hybridization and dynamic Jahn-Teller effect that sparks the non-monotonic temperature-dependent transport behavior. Neither one of them alone can explain the observation. Concomitantly, the change of magnetic behavior as T decreases is also affected by t pd . It is well known that super-exchange (J SE ) and double-exchange (J DE ) couplings can be related to the hopping parameter (in our case t pd ) following J SE p t 2 pd U and J DE ∝ t pd , respectively. This is illustrated by the J ex vs t pd sketch in Figure 2d , demonstrating that antiferromagnetism is favorable for large t pd (high T), whereas ferromagnetism is favorable for small t pd (low T). Although super-exchange normally favors antiferromagnetism and double-exchange favors ferromagnetism 41 , in their close proximity the competition may lead to a canted-ferromagnetic (or canted-antiferromagnetic) spin arrangement.
As discussed above, our XMCD measurement reveals a small net magnetization for the ultra-thin LSMO film on DSO at low temperature. One might think of a phase separation between ferromagnetic and antiferromagnetic or other non-magnetic phases. 42, 43 We argue that this is not the case here for the following reasons. First, we do not observe a XMCD signal at the O K-edge (see Supplementary Figure 11 ), suggesting that the local ferromagnetic regions are not present in our samples. As a comparison, for ferromagnetic bulk LSMO, the dichroism at the O K-edge is significant, emphasizing the importance of the double-exchange mechanism. 40 Second, temperature-dependent resistivity measurements on similar LSMO/DSO ultra-thin film show no hysteresis between cooling and heating at the low-temperature region, 20 which further supports a single-phase character. Thus, a cantedferromagnetic (or canted-antiferromagnetic) phase is the most plausible interpretation for the low-temperature magnetic phase of LSMO/DSO ultra-thin films.
Combining the above analyses, we can conclude the following. At T = 300 K, the system is paramagnetic owing to the strong thermal fluctuation. Upon cooling, t pd decreases (Figure 2c ) accompanied by the appearance of a net magnetic moment (Figures 3b and c and discussion above), whereas the orbital occupancy of Mn3d remains constant (Figure 2c ). This suggests that the spins start to align along a certain direction with some degree of canting owing to the competing mechanisms of super-exchange and double exchange. With further cooling down to 80 K, the net magnetic moment increases because J DE becomes more dominant over J SE for lower temperature.
To further support our argument on the necessity of looking at the electronic and spin structures directly using the comprehensive methodology, we also present our study on LSMO ultra-thin films on STO substrates, LSMO/STO (see Supplementary Figure 12 ). Despite being under tensile strain too, the same chemical composition and very similar film thickness, we find that the strength of p-d hybridization increases as temperature decreases (see Supplementary   Figure 12a and the black dot in Supplementary Figure 12b) . This is opposite to that observed in LSMO/DSO (see Figure 2a and black dot in Figure 2c ), yet it explains well the observed monotonic decrease of the resistivity and increase of magnetization in LSMO/STO as temperature decreases (see Supplementary information for details).
In conclusion, by combining transport, spectroscopic ellipsometry, XAS and XMCD studies, we have revealed clearly the interplay of hybridizations and the dynamic Jahn-Teller effect that determines the macroscopic electronic transport and magnetic properties of LSMO/DSO ultra-thin films. Furthermore, the methodology presented here leading to our conclusion is valuable for the study of other strongly correlated systems.
